INTRODUCTION
============

The field of adult neurogenesis was rekindled in 1992, when Reynolds and Weiss showed that precursor cells isolated from the forebrain could differentiate into neurons *in vitro* ([@b23-jer-9-5-463-4]). These results and technical advances, including the development of immunocytochemical reagents identifying the phenotype of various neural cells more easily and accurately, led to an explosion of research in this field. Neurogenesis in the olfactory bulb ([@b26-jer-9-5-463-4]) and hippocampus ([@b5-jer-9-5-463-4]) has been well-characterized in the adult mammalian brains nowa-days.

It is well known that exercise enhances cell proliferation and/or neurogenesis ([@b16-jer-9-5-463-4]; [@b15-jer-9-5-463-4]; [@b19-jer-9-5-463-4]). In the study of the effects of exercise intensity and duration on neurogenesis, [@b16-jer-9-5-463-4] reported that low-intensity treadmill exercise increased cell proliferation in the hippocampal dentate gyrus more potently compared to the moderate-intensity and high-intensity treadmill exercise, as low-intensity treadmill exercise exerted less stress. [@b19-jer-9-5-463-4] reported that short-term wheel running increased cell proliferation, however long-term wheel running resulted in negative effect on cell proliferation because of stress response, and this negative effect of wheel running on cell proliferation was prevented by restricting daily running distance. As a result, running distance and duration of exercise appeared an important factor for enhancing of cell proliferation.

Exercise activates hypothalamic-pituitary-adrenal (HPA) axis ([@b4-jer-9-5-463-4]), and the most prominent product of HPA axis is cortisol (corticosterone in rodents). High level of glucocorticoids suppressed cell proliferation and adult neurogenesis ([@b6-jer-9-5-463-4]; [@b25-jer-9-5-463-4]), however longer-term elevation of glucocorticoids did not exert this effect ([@b8-jer-9-5-463-4]). In the brain, the actions of glucocorticoids are mediated by two types of adrenal steroid receptors: high-affinity mineralocorticoid receptor (MR) and low-affinity glucocorticoid receptor (GR). MR and GR coexist in the hippocampus. GR is mostly responsible for the neurogenesis. GR agonist dexamethasone inhibited neurogenesis both *in vivo* and *in vitro* ([@b14-jer-9-5-463-4]). Furthermore, pharmacological blockades of this receptor have a restorative effect against the glucocorticoids-mediated suppression on cell proliferation ([@b27-jer-9-5-463-4]).

In relation to central fatigue, many evidences have suggested that prolonged moderate or exhaustive exercise increased serotonin (5-hydroxytryptamine, 5-HT) synthesis in the various brain regions ([@b1-jer-9-5-463-4]; [@b18-jer-9-5-463-4]). [@b1-jer-9-5-463-4] reported that 5-HT concentration in the brain was higher at exercise for 1 h than rest, and increment in 5-HT concentration caused central fatigue. The relation of exercise-induced central fatigue with expressions of 5-HT and tryptophan hyroxylase (TPH), the limiting enzyme for 5-HT synthesis, in the brain has been well documented ([@b1-jer-9-5-463-4]; [@b18-jer-9-5-463-4]).

Exercise increases cell proliferation and/or neurogenesis, however, most of studies focused on the impact of exercise intensity using short-duration exercise, less than 2 h. The effects of the duration-dependency of the treadmill exercise on cell proliferation and central fatigue have not been clarified. Thus, we investigated the impact of the duration-dependence of the one bout treadmill exercise on cell proliferation, stress, and central fatigue using rats.

MATERIALS AND METHODS
=====================

Animals and treatments
----------------------

Male Sprague-Dawley rats weighing 245±10 g (n=20, 8 weeks old) were used. The experimental procedures were performed in accordance with the animal care guidelines of National Institutes of Health (NIH) and Korean Academy of Medical Sciences. All rats were housed under laboratory conditions for one week prior to experiment. The animals were housed under the controlled temperature (20±2°C) and maintained in light-dark cycles, each cycle consisting of 12 h of light and darkness (lights on from 07:00 h to 19:00 h). Food and water were made available *ad libitum*.

Experimental design
-------------------

The animals were randomly divided into five groups (n=8): the control (non-exercise) group, 1-h exercise group, 2-h exercise group, 4-h exercise group, and 6-h exercise group. For adjusting the treadmill exercise, all rats in the exercise groups were forced to walk at speed of 13 meters/min with the 0° inclination during 30 min, for 3 days before the starting experiment. All rats were injected subcutaneously with 50 mg/kg 5-bromo- 2′-deoxyuridine (BrdU, Sigma Chemical Co., St. Louis, MO, USA), 7 h prior to sacrifice. The rats in the exercise groups were started to walk in order to coincide the sacrifice time. For example, after 1 h injection, the rats in the 6-h exercise group were forced to walk on treadmill for 6 h. The exercise load consisted of walking at speed of 13 meters/min with the 0° inclination. This exercise regimen is a moderate-intensity exercise ([@b16-jer-9-5-463-4]). The rats in the exercise groups took 10 min rest and hydration every 50 min exercise. All rats were sacrificed immediately after finishing exercise.

Tissue preparation
------------------

At the beginning of the sacrificial procedure, the animals were weighed and overdosed with Zoletil 50^®^ (10 mg/kg, i.p.; Vibac Laboratories, Carros, France). After a complete lack of response was observed, the rats were transcardially perfused with 50 mM phosphate-buffered saline (PBS), and fixed with a freshly prepared solution consisting of 4% paraformaldehyde in 100 mM phosphate buffer (PB, pH 7.4). The brains were dissected and post-fixed in the same fixative overnight, and transferred into 30% sucrose solution for cryoprotection. Serial coronal sections of 40 μm thick were made with a freezing microtome (Leica, Nussloch, Germany). Floating sections were stored at 4°C until processing for immunohistochemistry.

BrdU immunohistochemistry
-------------------------

For the detection of newly generated cells in the dentate gyrus, BrdU-specific immunohistochemistry was performed as previously described ([@b3-jer-9-5-463-4]; [@b13-jer-9-5-463-4]). Five sections on average were selected in each brain region spanning from Bregma −3.30 mm to −4.16 mm. Brain sections were permeabilized by incubation in 0.5% Triton X-100 in PBS for 20 min, then pretreated in 50% formamide-2 X standard saline citrate (SSC) at 65°C for 2 h, denaturated in 2 N HCl at 37°C for 30 min, and rinsed twice in 100 mM sodium borate (pH 8.5). Afterwards, the sections were incubated overnight at 4°C with BrdU-specific mouse monoclonal antibody (1:600; Roche, Mannheim, Germany). Then the sections were washed three times with PBS and incubated for 1 h with the biotinylated mouse secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA). Then the sections were incubated for another 1 h with avidin-peroxidase complex (1:100; Vector Laboratories). For visualization, the sections were incubated in 50 mM Tris-HCl (pH 7.6) containing 0.02% 3,3′-diaminobenzidine tetrahydrochloride (DAB), 40 mg/mL nickel chloride, and 0.03% hydrogen peroxide for 5 min. After BrdU- specific staining, counter-staining was performed on the same sections using a mouse anti-neuronal nucleic (NeuN) antibody (1:300; Chemicon International, Temecula, CA, USA). The sections were washed three times with PBS, incubated for l h with a biotinylated anti-mouse secondary antibody, and processed with VECTASTAIN^®^ Elite ABC Kit (Vector Laboratories). For visualization, the sections were incubated in a reaction mixture consisting of 0.02% DAB and 0.03% hydrogen peroxide for 5 min. The sections were finally mounted onto gelatin-coated slides. The slides were air dried overnight at room temperature, and coverslips were mounted using Permount^®^ (Fisher Scientific Co., Pittsburgh, PA, USA).

Glucocorticoid receptors immunohistochemistry
---------------------------------------------

For the evaluation of optical density of GR-positive cells in the hippocampal dentate gyrus, GR-specific immunohistochemistry was performed as previously described ([@b21-jer-9-5-463-4]). Five sections on average were selected in each brain region spanning from Bregma −3.30 mm to −4.16 mm. Free-floating tissue sections were incubated overnight with rabbit anti-GR antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1:500 for visualization of GR distribution. Then the sections were incubated for 1 h with anti-rabbit secondary antibody (1:200, Vector Laboratories). The sections were subsequently incubated with an avidin-biotin-peroxidase complex (1:100, Vector Laboratories,) for 1 h at room temperature. Immunoreactivity was visualized by incubating the sections in a solution consisting of 0.02% DAB and 0.03% hydrogen peroxide in 50 mM Tris-HCl (pH 7.6) for approximately 5 min. Then the sections were mounted on gelatin-coated glass slides. The slides were air-dried overnight at room temperature, and coverslips were mounted using Permount^®^ (Fisher Scientific Co.).

5-HT and TPH immunohistochemistry
---------------------------------

For detection of 5-HT-positive and TPH-positive cells in the dorsal raphe, immunohistochemistry was performed as previously described ([@b24-jer-9-5-463-4]). Five sections on average were selected in each brain region spanning from Bregma −7.30 mm to −8.00 mm. Then the sections were incubated in PBS for 10 min and washed three times, again with PBS. The sections were then incubated in 1% hydrogen peroxide for 30 min. Next, the sections were incubated overnight with rabbit anti-5-HT antibody (ImmunoStar, Hudson, WI, USA) at dilution of 1:500 for visualization of 5-HT expression or mouse monoclonal anti-TPH antibody (Calbiochem, Darmstadt, Germany) at a dilution of 1:500 for visualization of TPH expression. Then the sections were incubated for 1 h with biotinylated anti-rabbit secondary antibody or anti-mouse secondary antibody (Vector Laboratories). The sections were subsequently incubated with avidin-biotin- peroxidase complex (Vector Laboratories) for 1 h at room temperature. Immunoreactivity was visualized by incubating the sections in a solution consisting of 0.05% DAB and 0.01% hydrogen peroxide in 50 mM Tris-buffer (pH7.6) for approximately 3 min. Then the sections were mounted on gelatin-coated glass slides. The slides were air-dried overnight at room temperature, and coverslips were mounted using Permount^®^ (Fisher Scientific Co.).

Data analysis
-------------

The area of the granular layer of the hippocampal dentate gyrus was measured using Image-Pro^®^Plus image analyzer (Media Cybernetics Inc., Silver Spring, MD, USA). The number of BrdU-positive cells were counted hemilaterally and expressed as the number of cells per mm^2^ of the cross-sectional area of the granular layer of the hippocampal dentate gyrus. The numbers of 5-HT-positive and TPH-positive cells were counted using Image-Pro^®^Plus image analyzer (Media Cybernetics Inc.) and expressed as the number of cells per section of the dorsal raphe. For assessment of GR immunoreactivity, the staining intensities of the processed sections were assessed in a quantitative fashion according to a micro-densitometrical method based on optical density using an image analyzer.

All data were analyzed using the statistical software SPSS (version 14.0). The data were expressed as the mean±standard error of the mean (SEM). For the comparison among the groups, oneway ANOVA and Tukey HSD *post-hoc* test were performed and differences were considered statistical significant at *P*\<0.05.

RESULTS
=======

Cell proliferation in the hippocampal dentate gyrus
---------------------------------------------------

The numbers of BrdU-positive cells in the exercise groups were increased significantly compared to the control group. However, there was no statistic difference among the exercise groups ([Fig. 1](#f1-jer-9-5-463-4){ref-type="fig"}). The present results showed that cell proliferation in the hippocampal dentate gyrus was increased significantly in response to one bout treadmill exercise with all of exercise time (from 1 to 6 h) (*P*\<0.05). But there was no additional benefit on cell proliferation over 2 h in one bout treadmill exercise at moderate-intensity.

Expression of GR in the hippocampal dentate gyrus
-------------------------------------------------

The optical density of GR-positive cells in the hippocampal dentate gyrus was not changed by treadmill exercise. There was no significant difference among the exercise groups ([Fig. 2](#f2-jer-9-5-463-4){ref-type="fig"}). The present results showed that one bout treadmill exercise at any duration exerted no effect on the GR expression in the hippocampal dentate gyrus.

Expressions of 5-HT and TPH in the dorsal raphe
-----------------------------------------------

One bout treadmill exercise in the duration from 1 to 4 h exerted no significant effect on the 5-HT synthesis in the dorsal raphe. In the 6-h exercise group, 5-HT synthesis in the dorsal raphe was increased significantly compared to the control group (*P*\<0.05) ([Fig. 3](#f3-jer-9-5-463-4){ref-type="fig"}). The present results showed that one bout treadmill exercise until 4 h did not increased 5-HT synthesis, however one bout treadmill exercise during 6 h increased 5-HT synthesis.

One bout treadmill exercise in the duration from 1 to 4 h exerted no significant effect on the TPH expression in the dorsal raphe. In the 6-h exercise group, TPH expression in the dorsal raphe was increased significantly compared to the control group (*P*\<0.05) ([Fig. 4](#f4-jer-9-5-463-4){ref-type="fig"}). The present results showed that one bout treadmill exercise until 4 h did not increased TPH expression, however one bout treadmill exercise during 6 h increased TPH expression.

DISCUSSION
==========

[@b9-jer-9-5-463-4] reported that daily running activity was positively correlated with cell proliferation and cell survival. In the present results, the number of BrdU-positive cells was increased until 2 h, after then there was no more increment till 6 h ([Fig. 1](#f1-jer-9-5-463-4){ref-type="fig"}). So there was no dose-dependent tendency between exercise dose and cell proliferation. [@b22-jer-9-5-463-4] reported that forced swimming prolonged more than 5 min had no additional increment of cell proliferation due to the stress factors. Over-dose of exercise might induce higher levels of corticosterone synthesis and thus counteracted the beneficial effect of exercise on cell proliferation ([@b16-jer-9-5-463-4]; [@b19-jer-9-5-463-4]).

The HPA axis is one of the primary stress systems and an integrated neural and endocrine system that plays a key role in releasing the glucocorticoids. Stress, induced by psychological and/or physical, activates the HPA axis and increases the secretion of glucocorticoids ([@b6-jer-9-5-463-4]), and raised level of glucocorticoids suppresses proliferation of progenitor cells in the hippocampal dentate gyrus ([@b25-jer-9-5-463-4]). Stress might prevent progenitors from cell cycle reentry by elevated levels of p27Kip1, an endogenous cell cycle inhibitor ([@b7-jer-9-5-463-4]). Considering these reports, the inhibiting factors (glucocorticoids and p27Kip1) on cell proliferation might be augmented gradually as increasing exercise time, and then cell proliferation of progenitors might be suppressed through accumulated effects of those factors. Thus it seemed like that the suppression on cell proliferation was initiated after 2 h in the present study.

GR expression underlies a feedback regulation, linking it tightly to the level of the glucocorticoids ([@b12-jer-9-5-463-4]). Under the stressful situation, hippocampal GRs or their mRNA were down-regulated ([@b17-jer-9-5-463-4]). In the present study, the optical density of GR-positive cells in the hippocampal dentate gyrus at any exercise time was not changed compared to the non-exercise group ([Fig. 2](#f2-jer-9-5-463-4){ref-type="fig"}). Considering the relation between exercise dose and glucocorticoids secretion, the plasma level of glucocorticoids might be increased. Regulation of GR mRNA and GR protein by glucocorticoids was dose- and time-dependent *in vitro* ([@b2-jer-9-5-463-4]; [@b20-jer-9-5-463-4]) and *in vivo* ([@b10-jer-9-5-463-4]). [@b10-jer-9-5-463-4] reported that a progressive decrement of GR mRNA in the hippo-campus was related with increasing doses of corticosterone. Low plasma corticosterone level could require longer time to attain a critical number of activated receptors in the nucleus, so quantitatively significant changes in corticosteroid receptor mRNAs would appear later. Thus, the effect of corticosterone on GR mRNA in the hippocampus can be considered as dose- and time-dependent. In the present experiment, no change of GR expression with exercise prolonged to 6 h might be occurred due to relative low level of glucocorticoids which could not induce the significant alteration of GR expression at the time of ceasing exercise. However, the level of glucocorticoids secreted with one bout of 6 h exercise might not be a dose enough to down-regulate GR expression. In the present study, the change of GR expression was not occurred with 6 h exercise, however the level of glucocorticoid might be sufficient to suppress cell proliferation.

Most of the cell bodies of the serotonergic neurons in the brain arise from the dorsal raphe, and then they send projections to diverse target regions including the limbic system, hypothalamus, striatum, and cerebral cortex ([@b11-jer-9-5-463-4]). So we investigated the expressions of 5-HT and TPH in the dorsal raphe to evaluate the effects of exercise on central fatigue. We found that both 5-HT and TPH expressions were increased gradually in response to exercise time. Increments of 5-HT and TPH expressions were detected only at 6 h exercise but not until 4 h exercise ([Figs. 3](#f3-jer-9-5-463-4){ref-type="fig"}, [4](#f4-jer-9-5-463-4){ref-type="fig"}). These results mean that moderate exercise induced central fatigue by accumulated effect of prolonged exercise time.

The number of BrdU-positive cells in the hippocampal dentate gyrus was increased in response to one bout moderate treadmill exercise in all exercise groups. However, after 2 h, there was no more increase till 6 h. Expressions of 5-HT and TPH in the dorsal raphe were increased only in the 6 h exercise group. Based on the present results, one-bout of treadmill exercise at moderate intensity increased cell proliferation, meanwhile treadmill exercise prolonged to 6 h induced central fatigue in rats.

**CONFLICT OF INTEREST**

No potential conflict of interest relevant to this article was reported.

This work was supported by the National Research Foundation of Korea Grant funded by the Korean Government (NRF-2010-0022895).

![Duration-dependence of the effect of one bout treadmill exercise on cell proliferation in the hippocampal dentate gyrus. Upper: Photomicrographs of 5-bromo-2′-deoxyuridine (BrdU)-positive cells. Arrows indicate BrdU-positive cells. The scale bar represents 50 μm (A) and 25 μm (a). Lower: The number of BrdU-positive cells. The data are represented as the mean± standard error of the mean (SEM). Non-exe, non-exercise (control) group; 1HR, 1-h exercise group; 2HR, 2-h exercise group; 4HR, 4-h exercise group; 6HR, 6-h exercise group. \*represents *P*\< 0.05 compared to the control group.](jer-9-5-463-4-f1){#f1-jer-9-5-463-4}

![Duration-dependence of the effect of one bout treadmill exercise on the expression of glucocorticoid receptor (GR) in the hippocampal dentate gyrus. Upper: Photomicrographs of GR-expressing cells. (A) Control group; (B) 6-h exercise group. The scale bar represents 100 μm. Lower: Optical density of GR-positive cells. The data are represented as the mean± standard error of the mean (SEM). Non-exe, non-exercise (control) group; 1HR, 1-h exercise group; 2HR, 2-h exercise group; 4HR, 4-h exercise group; 6HR, 6-h exercise group.](jer-9-5-463-4-f2){#f2-jer-9-5-463-4}

![The effect of one bout treadmill exercise on 5-hydroxytriptamine (5-HT) expression in the dorsal raphe. Upper: Photomicrographs of 5-HT-positive cells. Arrows indicate 5-HT-positive cells. The scale bar represents 100 μm (A) and 25 μm (a). Lower: The number of 5-HT-positive cells. The data are represented as the mean± standard error of the mean (SEM). Non-exe, non-exercise (control) group; 1HR, 1-h exercise group; 2HR, 2-h exercise group; 4HR, 4-h exercise group; 6HR, 6-h exercise group. \*represents *P*\< 0.05 compared to the control group.](jer-9-5-463-4-f3){#f3-jer-9-5-463-4}

![The effect of one bout treadmill exercise on tryptophan hydroxylase (TPH)-positive cells in the dorsal raphe. Upper: Photomicrographs of TPH-positive cells. Arrows indicate TPH-positive cells. The scale bar represents 100 μm (A) and 25 μm (a). Lower: The number of TPH-positive cells. The data are represented as the mean± standard error of the mean (SEM). Non-exe, non-exercise (control) group; 1HR, 1-h exercise group; 2HR, 2-h exercise group; 4HR, 4-h exercise group; 6HR, 6-h exercise group. \*represents *P*\< 0.05 compared to the control group.](jer-9-5-463-4-f4){#f4-jer-9-5-463-4}
